Aiming at demonstrating the potential of unidirectional natural fiber-reinforced thermoplastic composites in structural applications, textile flax yarn/thermoplastic polyester composites with variable fiber volume fractions have been manufactured by a filament-winding process followed by a vacuum-assisted compression molding process. The microstructure of the composites shows that the flax fiber yarns are well impregnated by the polyester matrix, and this supports the measured low porosity content of the composites. The experimental tensile modulus and ultimate tensile stress of the composites in the axial and transverse directions are well simulated by rule of mixtures models. In the axial direction, at a fiber volume fraction of 0.50, the experimental tensile modulus and ultimate tensile stress are 32 GPa and 350 MPa, respectively. In comparison, for glass fiber composites at a fiber volume fraction of 0.50, the tensile modulus and ultimate tensile stress are calculated to be 38 GPa and 1800 MPa, respectively. The flax yarn composites show better specific tensile modulus than the glass fiber composites with values of 23 GPa/g/cm 3 and 20 GPa/g/cm 3 , respectively. An analysis of data from previous studies of unidirectional natural fibre composites demonstrates comparatively good reinforcement efficiency of the flax yarn fibers with an effective tensile modulus and ultimate tensile stress of the fibers in the area of 70 GPa and 800 MPa, respectively. Altogether, it is demonstrated that composites with high-quality textile flax yarn are well suited for structural applications when stiffness and weight saving are the central selection criteria.
Introduction
Natural fiber-reinforced thermoplastic composites form a new class of materials that have future potential for use in structural applications as an alternative to traditional materials, such as wood and synthetic fiber composites. The main drivers for development of this new class of materials are environmental concerns, in addition to attractive technical properties, for example, high specific mechanical properties, which are due to a combination of good mechanical properties and low density of natural fibers. Automotive body parts are currently the prime applications, and the automotive engineering industry has therefore provided the direction for further work and improvement of the properties and performance of natural fiber-reinforced thermoplastic composites.
Flax is a type of natural fiber that is widely grown in Europe. The flax fibers show good mechanical properties 1 and they can be spun to form continuous natural fiber yarns. Using high-quality textile flax yarn together with a matrix of low-melting-temperature thermoplastic polyester, the present study aims to demonstrate the potential of unidirectional natural fiberreinforced thermoplastic composites in structural applications.
Materials and methods
The fiber reinforcement used in this study is flax yarn (Smeraldo, Nm 1/9.7, Linificio e Canapificio Nazionale SpA, Italy) commonly used for conventional textile applications. The flax yarn was kindly supplied by Extreme Materials S.R.L., Italy. The dry linear density of the flax yarn was measured to be 88.9 AE 2.7 g/1000 m. The used matrix thermoplastic polymer is low-melting-temperature polyethylene terephthalate (LPET) in the form of filaments with a measured linear density of 55.5 AE 1.7 g/1000 m. The LPET filaments were kindly supplied by Comfil ApS, Denmark.
Fiber characteristics
The density of the flax yarn fibers and the LPET filaments was determined by pycnometry 2 using water as displacement medium. Polarized optical microscopy was used to assess the amount of defects in the flax fibers.
Yarn characteristics
The flax yarn was observed by optical microscopy, and Image Pro software was used to measure the fiber twisting angle and the yarn diameter. Five flax yarn samples, each of 10 mm in length, were observed, and within each sample, the fiber twisting angle and the yarn diameter were measured at 15 locations along the yarn. Altogether, 75 measurements were taken for the two yarn parameters.
Manufacturing of composites
Unidirectional composites of flax yarn and LPET filaments were manufactured with variable fiber volume fractions. The unidirectional fiber-matrix assemblies were obtained by winding the flax yarn and the LPET filaments on to a rectangular steel frame using a filament-winding process. In order to produce neat matrix assemblies, only the LPET filaments were wound on to the steel frame. Prior to the filament-winding process, the steel frame was treated with a thin layer of Zyvax release agent (Granudam ApS, Denmark). The wound fiber-matrix assemblies were dried in a vacuum oven (0.9 mbar; 20 C) for at least 18 h to remove moisture. The assemblies were then made into composite plates by vacuum heating (at 3-4 mbar; 200 C; 15 min), followed by press consolidation (at 200 kN; 30 C; 1 min). 3 The planar dimensions of the manufactured composite plates were 430 mm Â 120 mm, with thicknesses in the range 2.1-2.4 mm.
Volumetric composition of composites
The fiber weight fraction (W f ) was determined by the relationship between the number of flax yarns (n f ) and the number of LPET filaments (n m ) used in the filament-winding process, and their linear densities (tex f and tex m ), by equation (1)
The nominal fiber volume fraction (V n f ) which was expected prior to manufacturing of the composites was determined by equation (2)
where r f is the fiber density and r m is the matrix density. The nominal V n f is determined by assuming porosity content as zero. The density of the composites (r c ) was determined by the buoyancy method 4 using water as the displacement medium. The correct volume fractions of fibers (V f ), matrix (V m ), and porosity (V p ) were determined using equations (3)-(5)
Microstructure of composites
The microstructure of the composites was investigated by optical microscopy of polished composite cross sections. Samples with planar dimensions of 15 mm Â 26 mm were cut from the central part of the composite plates. The samples were ground on the side perpendicular to the fiber direction using silicon carbide papers (#1000 for 9 min and #4000 for 25 min; using water as a lubricating agent), followed by final polishing using 1 mm diamond paste for 10 min.
Mechanical properties of composites
Two types of dumbbell-shaped specimens were cut from the composite plates by computerized numerically controlled (CNC) milling (using water as coolant to avoid localized thermal degradation of fibers and matrix melting): (a) 180 mm Â 25 mm with gauge section 30 mm Â 15 mm for specimens with the yarn axis along the loading direction, that is, 0 , and (b) 115 mm Â 25 mm with gauge section 30 mm Â 15 mm for specimens with their yarn axis transverse to the loading direction, that is, 90 . Prior to tensile testing, all the specimens were conditioned at 50% relative humidity and 23 C until moisture equilibrium was achieved (i.e. until the weights of the specimens were stabilized), and this took approximately 70 days. All handling and testing of the conditioned specimens outside the controlled climate was carried out within a maximum of 40 min. Tensile tests were performed on an Instron testing machine with the following test specifications: load cell 20 kN and crosshead speed 2 mm/min. From each composite plate, a total of eight specimens were tested: four specimens in the axial direction and four specimens in the transverse direction. Prior to testing, the width and thickness of the specimens at the gauge section were measured at three different positions with a micrometer screw (AE.01 mm), allowing the crosssectional area to be determined. No tabs were used, but instead a steel mesh was used to increase the friction in the grips. Strain was measured by positioning two extensometers on each side of the specimens at the gauge section. Tensile modulus (GPa, linear regression between strain 0.01 and 0.10%), ultimate tensile stress (UTS; MPa, maximum tensile stress), and strain at UTS (%) were determined from the measured stress-strain curves. The specific (weight-based) tensile modulus and UTS were determined by dividing by the measured density of the composites.
Results and discussions Fiber characteristics
The density of the flax yarn fibers and the LPET filaments were measured to be 1.589 AE 0.045 g/cm 3 and 1.357 AE 0.013 g/cm 3 , respectively. Since water was used as displacement medium in the pycnometry measurements, the obtained density of the flax fibers is assumed to represent the density of the cell wall. The cell wall density of natural fibers is governed by their cellulose content; the higher the cellulose content, the higher the cell wall density. The maximum cell wall density equals the density of crystalline cellulose, 5 which is estimated to be 1.64 g/cm 3 . Thus, based on these considerations, the relative high density of 1.59 g/cm 3 measured for the flax fibers suggests that they have a high cellulose content. This is supported by a study of textile hemp yarn fibers, where the fiber density was measured to be in the range 1.58-1.60 g/cm 3 , and with a measured high cellulose content of the fibers in the range 88-91 w/w %. 6 Figure 1 shows a representative image of a flax fiber from the textile yarn. The fiber defects can be seen as bright lines across the fiber. It is believed that such defects are local misalignments of cellulose microfibrils in the cell wall. Such defects are denoted by different names, for example, nodes, kink bands, slip planes, misaligned zones or microcompressions. 7 In a recent study, 8 it has been shown that the defect content in flax fibers is increased due to processing of the fibers. In another study of flax and hemp fibers, 9 the increasing numbers of processing steps were correlated with a decrease in strength of the fibers. Thus, it must be considered that the performance of natural fiber-reinforced thermoplastic composites is highly dependent on the amount of defects in the fibers generated during their processing because these defects act as stress raisers 10 in the polymer matrix of the composite causing fiber failure 11 and debonding at the fiber-matrix interface. 10 Further work is needed to modify the currently applied fiber-processing techniques for textile yarns (e.g. retting, scutching, carding, and spinning), in order to obtain natural fibers with lower defect content. Figure 2 shows that the flax fibers in the yarn are twisted with a right-handed angle to the axis of the yarn. Madsen et al. 6 have also observed this kind of twist in a study of hemp yarn. If the fibers are twisted at a right-handed angle to the yarn axis, then the yarn is said to have Z-twist and if twisted at a left-handed angle, then it is said to have S-twist.
Yarn characteristics
The results of the measurements for fiber twisting angle and yarn diameter are shown in Figure 3 . It is demonstrated that both the fiber twisting angle and the yarn diameter are not constant, but they exhibit variation along the yarn. The reason for the observed large variation in the two yarn parameters is that flax fibers, in contrast to synthetic fibers, are not uniform entities and a certain degree of variation must therefore be accepted in the yarns. The results shown in Figure 3 do not, however, indicate that the two yarn parameters are correlated with each other. The mean AE SD for the twisting angle is 12.1 AE 3.3 , and the mean AE SD for the yarn diameter is 445 AE 107 mm. Similar results for twisting angle and yarn diameter have been reported by Madsen et al. 6 for two types of hemp yarns.
By assuming that the cross-sectional area of the flax yarn is circular (see Figure 4 (a)), the apparent crosssectional area of the yarn (the total area of fibers and space between fibers) can be calculated from the mean yarn diameter to be 155,584 mm 2 . The absolute crosssectional area of the yarn (which includes only the area of fibers) can be calculated from the linear density of the yarn and the fiber density to be 55,632 mm 2 . The ratio between the absolute and the apparent crosssectional areas is known as the degree of yarn compaction, and it can then be determined to be 0.38 for the flax yarn. In a previous study of hemp yarn, 6 the degree of yarn compaction was determined to be 0.65. Therefore, it is demonstrated that the flax yarn in the present study is less compact than the given hemp yarn, which accordingly should make it easier to impregnate the flax yarn by the matrix polymer. Thus, the degree of yarn compaction can be used as a quantitative parameter to assess the permeability of a yarn with respect to being impregnated by a matrix polymer. Table 1 shows the results of the measured volumetric compositions of the composites. The manufactured six composite plates show fiber volume fractions in the range 0.206-0.539, and porosity in the range 0.032-0.066. There is a slight overestimation of the nominal fiber volume fractions (V n f ) with respect to the correct values (V f ), and this is attributed to the occurrence of porosity in the composites. Porosity is typically observed in natural fiber composites. 5 The porosity in the composites can be seen to increase when the fiber volume fraction is increased, and this has previously been analyzed by a volumetric interaction model developed for composite materials. 12 In Table 1 , it can be seen that the composite plates CP01 and CP03 have an identical fiber weight fraction of 0.348, since they were manufactured with an equivalent number of flax yarns and LPET filaments (equation (1)). The resulting volumetric composition of these two plates, CP01 and CP03, is almost identical, with fiber volume fractions of 0.300 and 0.303, and with porosities of 0.041 and 0.032, respectively. Thus, it is demonstrated that the quality of the flax yarn is sufficiently uniform to permit manufacture of identical composite plates.
Volumetric composition of composites
The content of porosity in the LPET plates is calculated to be 0.015 by using the equations (3)-(5) based on the difference between the measured density of LPET in filament form and in molded plate form (1.357 vs. 1.337 g/cm 3 ). Thus, LPET is a well-suitable polymer matrix in composites manufactured by the compression-molding technique resulting in a matrix phase with a very small porosity content, which likely is situated in the form of entrapped small air bubbles.
Microstructure of composites
Optical microscope observations of composite cross sections were used to assess the microstructure of the composites. As can be seen in Figure 4(a) , showing a representative image of a composite with a medium fiber volume fraction of 0.382 (plate CP09), the flax yarns are well dispersed within the LPET matrix. Moreover, the image shows that the fiber yarns have approximately circular cross sections, and that the fibers are well impregnated with the matrix with only a few occurrences of porosities (i.e. black areas) inside the yarns. The low impregnation porosity is well correlated with the determined low degree of yarn compaction of 0.38. Figure 4 (b) shows an image of a composite with a high fiber volume fraction of 0.539, and a high porosity of 0.066 (plate CP11). It can be seen that the fiber yarns are closely packed, and that the LPET matrix has not been able to sufficiently impregnate all the fibers in the yarns. This situation is related to that the fiber volume fraction is close to the maximum obtainable fiber volume fraction, and this results in an increase of the porosity content. A more detailed and quantitative analysis of this behavior in the flax/LPET composites is addressed by the authors in an ongoing study.
Mechanical properties of composites
The measured mechanical properties of the six composite plates are shown in Tables 2 and 3. In the axial direction (Table 2) , the tensile modulus is in the range 17-33 GPa, UTS is in the range 209-344 MPa, and strain at UTS is in the range 1.5-2.0%. In the transverse direction (Table 3) , the tensile modulus is in the range 2.9-3.6 GPa, UTS is in the range 10-17 MPa, and strain at UTS is in the range 0.4-0.9%. In addition to the expected large difference in properties between the two directions, due to the anisotropic nature of unidirectional composites, it can also be seen that the influence of fiber content is more marked when the composites are tested in the axial direction. This will be analyzed in the following sections by micromechanical models. Tables 2 and 3 also show that the manufactured two composite plates, CP01 and CP03, with identical fiber weight fractions and volumetric compositions ( 
Axial tensile properties
The axial tensile modulus, UTS, and strain at UTS of the composites (Table 2) are plotted as a function the fibre volume fraction in Figures 5, 6, and 7, respectively. In the case of unidirectional composites, the axial tensile modulus (E) and UTS (s) are traditionally calculated by the rule of mixtures model:
where E can be replaced by s. The tensile modulus of the LPET matrix (E m ) is measured to be 2.8 GPa (Tables 2 and 3 , grand mean value, assuming isotropic properties). By using equation (6), the effective axial tensile modulus of the fibers (E f1 ) can be calculated for the six composites to give a mean value of 66 GPa. In Figure 5 , the solid model line of the axial tensile modulus is made by inserting the determined values of E m and E f1 in equation (6) . By using a similar approach for the UTS; s m and s f1 are determined to be 42 MPa and 710 MPa, respectively. In Figure 6 , the solid model line of the axial UTS is made by inserting the determined values of s m and s f1 in equation (6). In both Figures 5 and 6 , it can be observed that the experimental axial tensile modulus and UTS for the composites are generally in good agreement with the model lines. However, for the composites with high fiber volume fractions (V f > 0.40), the experimental data tend to slightly deviate from the linear relationship predicted by the rule of mixtures model. This is due to the increasing porosity content in the composites when the fiber content is increased, 12 and this effect for the flax/LPET composites is addressed in an ongoing study by the authors. In the present study, however, the analysis of the mechanical properties is carried out by assuming that the composites have a porosity content of zero.
For means of comparison, the axial tensile modulus and UTS of unidirectional glass fiber/LPET composites are calculated by inserting typical values of 73 GPa and 3500 MPa for E f1 and s f1 , respectively, for glass fibers in equation (6) . The dotted lines in Figures 5 and 6 are model lines for the glass fiber/LPET composites. It can be observed that the tensile modulus of the two composites are comparable (due to the almost similar E f1 values of 73 vs. 66 GPa), but the UTS for the glass fiber composites is by far larger than the flax fiber composites (due to the large difference in s f1 values of 3500 vs. 710 MPa). At a fiber volume fraction of 0.50, tensile modulus and UTS for the two composites are 32 vs. 38 GPa and 350 vs. 1800 MPa, respectively.
In Figure 7 , the axial strain at UTS of the flax fiber/ LPET composites is plotted as a function of the fiber volume fraction. No clear effect of a changed fiber volume fraction can be observed. The mean axial strain at UTS for all the composites is 1.81%, and this can be assumed to correspond to the strain at UTS for the flax fibers. A similar observation has been made for unidirectional hemp yarn fiber composites where the strain at UTS also was found to be almost constant with a mean of 1.79% for composites with variable fiber volume fractions. 13 
Transverse tensile properties
In Figures 5-7 , the transverse tensile properties of the unidirectional flax/LPET composites are presented together with the axial ones. Transverse tensile modulus and UTS of unidirectional composites are traditionally calculated by the 'inverse' rule of mixtures model
where E can be replaced by s. The tensile modulus of the LPET matrix (E m ) is measured to be 2.8 GPa (Tables 2 and 3 , grand mean value, assuming isotropic properties). By using equation (7), the effective transverse tensile modulus of the fibers (E f2 ) can be calculated for the six composites to give a mean value of 5 GPa. In Figure 5 , the solid model line of the transverse tensile modulus is made by inserting the determined values of E m and E f2 in equation (7). By using a similar approach for the transverse UTS; s m and s f2 are determined to be 42 MPa and 6 MPa, respectively. In Figure 6 , the solid model line of the transverse UTS is made by inserting the determined values of s m and s f2 in equation (7) . Based on the estimated values of the axial and transverse tensile modulus of the flax fibers (E f1 ¼ 66 GPa, E f2 ¼ 5 GPa), the ratio of anisotropy of the flax fibers can be calculated to be 13 ( ¼ 66/5). In previous studies, using more advanced micromechanical models, [13] [14] [15] the ratio of anisotropy for natural fibers has been estimated in the range 7-9.
The dotted lower lines in Figures 5 and 6 are model lines for the transverse properties of glass fiber/ LPET composites. Due to the isotropic nature of glass fibers, values of E f2 and s f2 were set to be 73 GPa and 3500 MPa, which are identical to the ones used in the axial direction. The model lines are clearly demonstrating that the transverse tensile modulus and UTS of flax and glass fiber composites are not much different from each other. This is explained by that the transverse properties of unidirectional fiber composites are mostly influenced by matrix properties when V f is within practical values for composites (see equation (7)).
In Figure 7 , the transverse strain at UTS of the flax fiber/LPET composites is decreased as a function of the fiber volume fraction. For low fiber volume fractions, below 0.30, strain at UTS is about 0.8%; whereas, it is decreased to about 0.5% when the fiber volume fraction is increased. The lower transverse values of strain at UTS compared with the axial ones can be explained by that the composites are loaded transversely to the fibers, and that they are likely to fail in the less-compliant fiber/matrix interface regions.
Specific tensile properties
In order to analyze the weight-based performance of the composites, the so-called specific properties are used where the tensile properties are divided by the density of the composites. Accordingly, the specific tensile modulus and UTS of the composites in the axial direction can be calculated by the model
where E can be replaced by s. Figures 8 and 9 show experimental data together with model lines for the specific tensile modulus and UTS of the flax/LPET composites. For means of comparison, shown are also model lines for glass/LPET composites (using values of E f1 , s f1 , and r f of 73 GPa, 3500 MPa, and 2.54 g/cm 3 , respectively, for glass fibers). It can be observed that the model lines are well simulating the experimental data for the flax/LPET composites. With a high fiber volume fraction of 0.50, the specific tensile modulus and UTS are 23 GPa/g/cm 3 and 250 MPa/g/cm 3 , respectively. For the glass/LPET composites, at the same fiber volume fraction, the calculated values of specific tensile modulus and UTS are 20 GPa/g/cm 3 and 900 MPa/g/ cm 3 , respectively. Thus, on a weight-basis, the flax fibre composites show better tensile modulus than the glass fiber composites. However, as can be observed in Figure 8 , this is only the case for composites with a V f above a certain threshold value of about 0.20. As expected from the very large difference in UTS between the composites (as shown in Figure 6 ), the specific UTS of the glass fiber composites is still much larger than for the flax fiber composites, despite the lower density of the flax fibers.
Altogether, the results demonstrate that for a given required stiffness of a materials component, flax fiber composites need a slightly larger volume ( Figure 5 ), but resulting in a lower weight (Figure 8 ) than glass fiber composites.
Literature data on tensile properties of unidirectional natural fiber composites
A number of studies in the literature have reported axial tensile properties of unidirectional natural fiber composites. Based on a selection of 16 studies, Table 4 presents experimental data on tensile modulus and UTS of composites with different types of fibers (flax, hemp, sisal, jute, sunhemp) and matrices (epoxy, polyester, LPET, polylactic acid, polypropylene), and with variable fiber volume fractions (0.21-0.40). By using equation (6), the effective tensile modulus and UTS of the fibers (E f1 and s f1 ) are back-calculated. For means of simplicity, the matrix properties, E m and s m , are approximated to be 3.0 GPa and 50 MPa, respectively, for all composites. This approximation can be justified by considering that the major part of the load in the axial direction is taken up by the fibers, and small differences in the matrix properties are only causing relative small changes in the back-calculated fiber properties. In Table 4 , the data are sorted according to the back-calculated values of E f1 to form eight groups of composites with E f1 values on about 20, 30, 40, 50, 60, 70, 80, and 90 GPa. In Figure 10 , the data from the literature studies, including the data from the present study, on tensile modulus of the composites is plotted as a function of the fiber volume fraction. The linear model lines are made by equation (6) using E f1 values of 20, 30, 40, 50, 60, 70, 80, and 90 GPa, and with a constant E m value of 3.0 GPa. As can be observed in the figure, the experimental data originating from the different studies are well located on the model lines. Thus, by this approach, the effect of variable fiber type, matrix type, and fiber volume fraction is normalized, and the span of reinforcement efficiencies of natural fibers is displayed. The best performance is shown by the flax and hemp fibers with an E f1 of about 90 GPa originating from the studies by Oksman 29 and Thygesen et al. 28 The second best performance is shown by the hemp fibers with an E f1 of about 80 GPa originating from the study by Thygesen et al. 28 It can be noted that the fibers from these studies are not in the form of yarns processed by common textile processes, but the fibers have been processed by specially modified processes aimed at obtaining good performing fibers. In the study by Oksman, 29 the flax fibers were processed by a novel biotechnical process using enzymes and microbial cultures. In the study by Thygesen et al., 28 the hemp fibers were processed by water and fungal retting under strictly controlled laboratory conditions. The flax yarn fibers in the present study show an E f1 of about 70 GPa, and this is still better than the previous studies using natural fiber yarns showing E f1 values with a maximum of only 60 GPa.
By a similar approach as used for the tensile modulus, Figure 11 the range 200-500 MPa. This demonstrates well the general finding that the strength of natural fibers in many cases is rather low. However, it also demonstrates that good-performance natural fibers can be produced with acceptable high effective strength values up to 800 MPa.
Conclusions
The presented detailed characterization and analyses of the properties and performance of unidirectional flax yarn/thermoplastic polyester composites show a number of findings:
. The good agreement between nominal and measured values of fiber volume fractions shows that the composite-manufacturing process is well controlled, which also is shown by the ability to manufacture composites with identical mechanical properties. . The microstructure of the composites shows that the flax fiber yarns are well dispersed within the polyester matrix. The flax fibers are well impregnated with the polyester matrix, which is supported by the measured low porosity content in the composites. These findings are expected from the measured low degree of yarn compaction. . In the axial direction of the composites, the tensile modulus and the UTS is increased linearly with the fiber volume fraction, as simulated by the rule of mixtures model. At a fiber volume fraction of 0.50, tensile modulus and UTS are 32 GPa and 350 MPa, respectively. Model calculations for glass/polyester composites show a slightly larger tensile modulus of 38 GPa, but a much larger UTS of 1800 MPa.
. As expected, due to the anisotropic nature of unidirectional composites, the tensile properties in the transverse direction are much lower than in the axial direction. By a rule of mixtures modeling of the tensile modulus of the composites in the two directions, the ratio of anisotropy of the flax fibers is estimated to be 13. . In the analysis of the weight-based performance of the composites, the specific tensile modulus of the flax/polyester composites is found to be larger than for glass/ polyester composites. For composites with a fiber volume fraction of 0.50, the specific tensile modulus is 23 and 20 GPa/g/cm 3 for the two types of composites, respectively. Thus, for a given required stiffness, the flax fiber composites need a larger volume but will have a lower weight than the glass fiber composites. . The analysis of results from previous studies of unidirectional natural fiber composites shows the typical span of reinforcement efficiencies for natural fibers ranging from 20 to 90 GPa and from 200 to 800 MPa for the tensile modulus and the UTS of the fibers, respectively. In this respect, the flax yarn fibers in the present study show very good reinforcement efficiency with a tensile modulus and an UTS of about 70 GPa and 800 MPa, respectively.
Altogether, the obtained findings demonstrate that unidirectional composites with high-quality textile flax yarn in a thermoplastic polyester matrix has a good potential in structural applications when stiffness and weight-saving are the central selection criteria.
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